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Abstract We describe Ihe design of a balloon-borne Imaging X-ray Polarimeter for 
Solar flares (IXPS). This novel mstrument, a Time Projection Chamber (TPC) for 
photoelectric polarimetry, will be capable of measuring polarization at the few per- 
cent level in the 20-50 keV energy range during an M- or X-class flarc^ and will 
provide imaging information at the ~10 arcsec level. The primary objective of such 
observations is to determine the directivity of nonthermal high-energy electrons pro- 
ducing solar hard X-rays, and hence to learn about the particle acceleration and en- 
ergy release processes in solar flares. Secondary objectives include the separation of 
the thermal and nonthermal components of the flare X-ray emissions and the separa- 
tion of photospheric albedo fluxes from direct emissions. 
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1 Introduction 

Astrophysical interest m htgK-energy pofaiixation measurements has remained high 
for decades. The initial measurements of the X-ray polarization of the Crab Nebula 
were made in the 1970s [39,57] but polarization measurements have remained in- 
strumental iy challenging* Only recently have the measurements of the Crab been ex- 
tended to gamma-ray energies [13, 18], Observationally, however, the field is poised 
to explode as is evident from the recent selection of the Gravity and Extreme Mag- 
netism SMEX (GEMS) [50] . The workshop on “The Coming Age of X-ray Polarime- 
try” held in Rome in April 2009 attracted over 100 participants and featured many 
presentations on now feasible instruments (in various stages of development) with 
sensitivities sufficiently high to be of interest for astrophysics [3], 

Our understanding of electron acceleration in solar flares remains limtied despite 
detailed spectral and temporal imaging of the resulting hard X-ray (HXR) brems- 
strahlung. Polarization measurements provide direct tnfomiation on the degree of 
beaming of the accelerated electrons, an important aspect of particle acceleration 
models. Available measurements are tantalizing but insufficient to distinguish be- 
tween competing models. 

The relatively new application of the time-projection technique to photoelectric 
polarimctry has emerged in the last few years and provides important new capabilities 
in the 20-100 keV band. This is an important comp lem cm to Compton polarimcters, 
which remain more sensitive at energies above 100 keV. This photodectric technique 
readily scales to the large effective areas required for solar HXR imaging polarimctry* 


1.1 Scientific Motivation 

Our knowledge of the hard X-ray (HXR) bremsstrahlung produced in solar flares, 
a key diagnostic of electron acceleration, remains fiindamentally incomplete. The 
temporal and spectral signatures have been studied for almost half a century, cul- 
minating in the unprecedented observations from the Rcuven Ramaty High-Energy 
Solar Spectroscopic Imager (RHESSI) [30]. We now have detailed knowledge of the 
spectrum and the spatial structure of the HXR sources and their evolution with time. 
Komar and Brown [25] have presented a model including spectral energy contribu- 
lions from both direct emission and the albedo flux, caused by Compton scatter of 
downward-propagating photons in the solar photosphere, with a resulting enhance- 
ment of flux directed toward the observer [2], They applied this model to spectra 
from two flares observed by RHESSI enabling a determination of the directivity (i.e*, 
degree of anisotropy) of the the nonthermal electron distribution for each flare. Po- 
larimetry would provide more powerful measures of the directivity than relying on 
energy spectra alone. Polarimetry yields direct information on the directivity of the 
emitting electron population and so provides critical constraints on the acceleration 
mechanism. Imaging polarimeiry is necessary to separate the flare footpoints and 
coronal sources since they arc likely to have vastly different degrees of polarization. 
Imaging polarimetry can also reveal the characteristic polarimetric signature of the 
photospheric albedo patch, clearly distinguishing it from the direct X-ray flux, which 
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is expected to have a signtficandy different spatial disiribulion of the magnitude and 
orientation of the polarization vector [2]. Such measurements are especially signifi- 
cant in the 10-100 keV range, where the fractional contribution of the reflected albedo 
flux to the total measured flux is the greatest — up to 50% at 30 keV [2,26]. However, 
there are no convincing measurements of HXR polarization. 

We are finally seeing the onset of observations capable of testing the numerous 
theoretical predictions of solar HXR polarization that have been in the literature for 
decades. The few existing polarization measurements arc intriguing but inconclusive. 
Collectively, they suggest that the magnitude of the polarization vector is of the order 
predicted by models that have a strong anisotropy of the emitting electrons. However, 
the measured orientation of this vector may be in a direction substantially different 
from the local solar radial that is predicted by most solar flare models [14]. This raises 
the fascinating possibility that significant refinements may be required in our models 
for particle acceleration and transport in solar flares. 

The cross-section for brcmsstrahlung emission depends on the linear polarization 
angle of the emitted photon measured relative to the plane containing the pre-collision 
electron velocity vector and the direction of photon emission [19]. Taking into ac- 
count that the accelerated electrons spiral around guiding magnetic field lines, one 
customarily measures the polarization angle resulting from a given electron collision 
with respect to a fixed plane defined by two vectors: the guiding magnetic field and 
the direction of photon emission (i.e., the line-of-sight to the observer) [20]. If the 
magnetic field direction is taken to be the solar vcrlicai, this reference plane contains 
the vector from the center of the solar disk to the flare locati on. By convention, a 
polarization fraction is denoted as positive if the orientation of the polarization vec- 
tor is perpendicular to this radial vector in the solar disk. The polarization fraction is 
negative if the polarization vector is parallel to the radial vector. 

Numerous authors have constructed a variety of solar Hare models to calculate 
the expected polarization degree and orientation. They have incorporated different 
source geometries, electron energy spectra, and angular distributions. They have in- 
voked propagation of nonthermal electrons into a thick target [1 1,21,27,2,28,29], 
emission from a thermal source with a nonunifonn temperature structure [15], and 
a combination of the above [16]. Models involving the downward beaming of accel- 
erated electrons generally predict a predominantly radial (negative) direction for the 
polarization vector in the deka-keV photon energy range. Magnitudes range from a 
few percent to a few tens of percent, depending mostly on the assumed degree of 
downward anisotropy of the emitting electrons. A non -radial polarization vector is 
predicted for an extended thcmial source [15], in which the anisotropy of the electron 
distribution is driven by the temperature gradients in the extended source. Of course, 
the scattering of the accelerated electrons as they move throughout the target atmo- 
sphere causes the angular distribution of the accelerated electrons, as well as their 
HXR polarization signal, to vary from point to point [29]. Thus, measuring the polar- 
ization at different spatial locations in the flare provides a much more discriminating 
diagnostic on the anisotropy of the accelerated electrons, emphasizing the importance 
of imaging polarimctry. 

Measurement of solar flare hard X-ray polarization began m the 1970s with a 
series of measurements from the Russian Intercosmos satellites [51,52,53,54], How- 
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ever, the reliability of these pioneering measurements has been questioned [12]. 
Attempts to measure solar HXR polarization from a Space Shuttle payload were sim- 
ilarly inconclusive due to contamination of the lithium scattcrer [55]. 

RHESSI is capable of limited non-imaging polarimctry thanks to a small beryl- 
lium scatterer placed in the detector tray [33]. Solar X-ray photons Compton scatter 
off this target into the rear segments of the four nearest-neighbor germanium detec- 
tors, and the relative count rates in these four detectors provide information on the po- 
larization, A preliminary polarization signal has been reported [34] from theRHESSt 
observation of the GOES class X4.8 flare of 2002 July 23, a flare located near the east 
limb that exhibited many of the characteristics associated with nonthermal electron 
acceleration and propagation. These include a hard power-law photon spectrum [23 J 
and bright hard X-ray footpoints [17]. The degree of polarization was measured to 
be (15 ±4)% at an angle of (79 ±4)° counterclockwise from the solar west, corre- 
sponding to an angle ^64^ to the local solar radial direction, However, strong and 
consistent gamma-ray line redshifts in this near-limb event were reponed [38], indi- 
cating that the magnetic field guiding the trajectories of the emitting particles might 
be significantly non- vertical This could indeed plausibly account for the measured 
orientation of the polarization vector [14]. Unfortunately, these polarization results 
remain questionable because of additional unexplained systematic variations in the 
counting rates of the four detectors nearest the beryllium scatterer as the spacecraft 
rotates. 

RHESSFs Ge detectors are also active Compton scatterers at higher photon en- 
ergies (>200 keV), and correlation of cotneidem counts in adjacent detectors can be 
used to infer the incident polarization. Marginal gamma-ray polarizations have been 
reported at photon energies in the range 0,2-1. 0 MeV in two fiares measured from 
such detector-detector correlations [9]. In one event on 2003 October 28, the polariza- 
tion vector was reported to be approximately radial with a magnitude of (1 1±5)%. In 
the other event on 2002 July 23, the polarization vector was approximately transverse 
with a magnitude weakly constrained to lie between 6% and 48%. Also using the 
detector-to-detector scattering method, Suarez-Garcia ct al [48] analyzed RHESSI 
data for seven near-limb flares in the energy range from 100-350 keV, They found 
polarization magnitudes ranging from 2% to 54% but with large ( I a) error bars of 
order 20-30%. The orientations of the polarization vectors relative to the radial di- 
rection ranged ffotn 35° to 85^. Comparison of the ensemble data with various the- 
oretical predictions allowed rejection of a high-pifch-anglc injection model (model 5 
of [28]), but were consistent both with other models [28, 2] and with 0% polarization. 

Extremely large polarization magnitudes of 50-70% for the X 1 0 flare of 2003 Oc- 
tober 29 have been reported using 20-100 keV data from the CORONAS-F SPR-N 
hard X-ray polarimctcr [10,61]. This instrument records photons scattered from a 
series of beryllium plates into a set of six scintillation detectors. Such a polariza- 
tion magnitude is extremely high, especially considering the ncar-disk-center position 
(S 1 5 W02) of this event. It is far larger than predicted by any model hitherto proposed 
and indeed is at the limit of what can be expected from a model with 100% anisotropy 
in the emitting electron population. Further, the orientation of the polarization plane, 
determined within a claimed uncertainty of 30^, was parallel to the solar equator, 
representing a near-azimuthal polarization vector. Both the magnitude and orienta- 
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tion of such a poiarization vector imply a highly non-vertical guiding magnetic fidd- 
Even more remarkable Is that out of 90 flares studied, only 25 had a sufficiently high 
polarization to be detected, and only three had polarization values as high as those 
exhibited by the October 29 event [61]. Nevertheless, a confimiaiion of this very high 
polarization signal would be a powerful constraint on flare models. 

In summary, observations to date are highly inconclusive, in no small part because 
they have been made ming mstmments that were not optimized or calibrated for the 
measurement of polarization. With the increasing realization that polarization mea- 
surements provide uniquely insightful information on the physical processes at work 
in particle acceleration sites throughout astrophysics, the time is propitious to develop 
an imtrument speclficalfy tailored to the measurement of solar hard X-ray polariza- 
lion. The energy range from ^10 to 100 keV is particularly pertinent since it is not 
only where the polarized component of the nontherm al flare emission is the bright- 
est, it is also where there is a significant contribution from the highest temperature 
thermal sources and where photospheric albedo makes its maximum contribution [2, 
26]. Thus, sensitive and reliable polarization measurements will constitute a quantum 
leap in capability that can resolve many of the current ambiguities and outstanding 
questions in solar flare physics. 


L2 Instrument Requirements 

The Instrumental requirements are driven by our goal of making imaging X-ray polar- 
ization measurements of the nonthermal HXR emissions from solar flares at balloon 
altitudes. The primary instrumental requirements are thus driven by the required po- 
larization sensitivity and imaging capability in the 20-100 keV energy range. Since 
there are, on average, one or two M 1 or brighter flares per week at solar maximum, 
an instrument must be able to measure polarization in M-class flares to have a high 
probability of success in a single long-duration balloon flight. Our survey of obser- 
vational and theoretical literature suggests that a detection limit of belter than 1 0% is 
suflicienl to make meaningful measurements. Also, imaging at the ^10 arcscc level 
is key to distinguishing the polarization signal from different parts of the flare: e.g., 
the footpoints, the loop tops, and the albedo patches. 

Our inslnimcnt concept meets the balloon mission requirements by having sufli- 
denlly large area, high quantum efficiency, and high polarization sensitivity to be a 
suitable detector in the 20-50 keV band. The imaging capability is provided by X- 
ray modulation collimators in front of the detector Figure I shows the effective area 
of a conceptual design that w^ould require four Time Projection Chambers (TPCs), 
each with a sensitive area of lOxlO cm^ and depth of 30 cm. On orbit, this instru- 
ment w^ould measure polarization in many brighter flares from <20 keV to >50 keV, 
overlapping the energy range above ^50 keV covered with instruments using Comp- 
ton scattering like the Gamma Ray Po lari meter Experiment (GRAPE) [35] and the 
Gamma- Ray Imaging/Polarimetcr for Solar Flares (GRIPS) [44], 
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Fig. 1 The effective area of our TPC photoelectric poiarimeter concept in low-Eatth orbit and at balloon 
altitude with two different atmospheric path lengths. The total effective area of the 36 GEIAPE niodulcs 
planned for a 201 3 balloon flight in Antarctica is shown for comparison [35]. Also shown is the effective 
area of GRIPS with its final complejnent of detectors (personal communication with Albert Shih), Atmo- 
spheric attenuation for a path length of 10 gm cm ^ is included in the GRIPS and GRAPE curves shown. 
The GRAPE array will be itncollimaied for the 2013 flight and GRIPS has a 50% transmitting grid for 
imaging^ whereas our TPC polarimctcr concept includes a 25% transmitting collimator for imaging. These 
collimation transmission factors arc included in the curves shown. 


2 Tfchnical Approach 

In the following sections^ we describe photoelectric time projection po lari meters 
based on gas micropattem proportional counters, and provide details of our proto- 
type detector module. This technology is also the basis of the X-ray Polarimeter Im 
strument (XPI) on GEMS [50] and the Gamma-Ray Burst Polarimeter (GRBP) [22]. 
TXPS will use a different gas, a larger volume^ and higher pressure than used for 
GEMS-XPI or GRBP to achieve better sensitivity at higher energies. Its design lever- 
ages off our recent and ongoing work in soft X-ray polarimetry and micropattem 
detector technology [6,5,7,22], 


2. 1 Photoelectric Polarimetry 

In the X-ray energy range of interest for polarization measurements of solar flares 
(above ^20 keV), photons can interact by two physical processes: photoelectric ab- 
sorption and Compton scattering. In both processes, the trajectory of the observ'ed 
particle is correlated to the direction of the electric-field vector of the incident photon 
with a polarization-dependent angular distribution modulated as cos^ y/ is defined 
somewhat differently for the two processes. For Compton scattering, \j/ is the azimuth 
angle measured perpendicular to the directi on of the electric -field vector of the 
incident photon to the direction of the emitted (observed) photon. For photoelectric 
absorption, is the azimuth angle measured /raw the direction of the electric-fieid 
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vector of the incident photon to the direction of the emitted (observed) phatoekdron. 
The amplitude and phase of this modulation provides a measure of the amplitude and 
phase of the X-ray linear polarization. The instrumental challenge is to measure the 
azimuthal direction of the photoclcctron or the Compton-scattered photon, 

Compton scattering becomes favored at energies above about 50 keV as the 
Compton cross-section begins to dominate the photoelectric crosS'Seetion in common 
detector materials. Solar X-ray polarimeters flown so far, RHESSI being the latest ex- 
ample, have used Compton scattering with a passive low-Z scatterer surrounded by 
multiple X-ray detectors. Above 1 00 keV, the technique can be improved by using 
active scattcrers that detect the knock-on electron as in GRAPE [35] or GRIPS [44]. 

Below 1 00 keV, polarization measurements have recently become practical with 
the development of a highly sensitive measurement technique based on imaging the 
photoclcctron track using a micropattem gas detector (MPGD) [47]. The sensitivity 
of MPGD polarimeters can be optimized by implementing a time projection readout 
scheme [6]. These time- projection chambers (TPCs) have been demonstrated as sen- 
sitive polarimeters in the 2-1 0 keV band but have not yet been optimized tor higher 
energies. The main advantage of a TPC with a one -dimensional strip readout com- 
pared to a MPGD with a pixel readout (e.g., [47]) is that charge diffusion is decoupled 
from interaction depth/quantum efficiency* Also, since the TPC requires only a one- 
dimensional strip readout, it more readily scales to large volumes. Designs for other 
types of polarimeters exist covering the 10-100 keV range [47,46]. 


2.2 Photoelectric Polarimetry with a Time- Projection Chamber (TPC) 

As a result of photoelectric absorption, a gas atom ejects a photoelectron preferen- 
lially in the direction of the incident photon electric field with a sin^ B cos* ^ prob- 
ability distribution, where Q is the polar angle and is the polarization sensitive 
azimuthal angle. In the active volume of a TPC, this photoelectron leaves a trail of 
ionization along its path as it loses energy and multiple Coulomb scatters in the gas. 
The charges drift towards a Gas Electron Multiplier (GEM)' under the influence of a 
uniform electric field (Fig. 2). 

At the detection plane, electron avalanches in the GEM amplify the primary ion- 
ization and it is collected on the readout strips. The strips are individually instru- 
mented with continuously sampling analog-to-digital converters (ADCs) to measure 
both the amount of charge and its arrival time (Fig. 2, right). Position information 
normal to the strips between the GEM and the drift electrode is determined by the 
arrival Lime of individual clusters of primary ionization. The numbers of the hit strips 
and the arrival times then allow a track image to be determined as projected onto the 
XV plane as indicateck with the size of the dots being proportional to the amount of 
charge* The emission direction of each photoelectron is then estimated from the track 
image. Thus, this photoelectric polarimeter is simultaneously sensitive to all phases 
of polarization and does not rotation about the Z-axis. Of course, rotation 

' OEMs etnd GEMS arc distinci acioiiyms. GEMs (Gas Elcclron Muitipliers) arc dciccu>r elemems; 
GEMS (Gravity and Extreme Magnetism SMEX) is a NASA E.'tplorcr mission [50J. 
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Fig. 2 Tllusiralion of the operation of a lime projection chamber (7’ PC), An X-ray photon enters the gas 
volume as shown along the -Z axis and suffers a photoclcctrie interaction. The res ul ling photodcctron 
travels along an irregular path as it is sscattcred in multiple Coulomb collisions. The resulting trail of 
ionization drifts telativdy slowly under the jnftuence a strong eleciric field bet\veen the GEM and the 
drift elccErode. The signals are toad out On multiple strips through chaigc-scnsiUve amplificis (CSAs). 
The digitized waveforms on each strip reveal the track of the photodcctron projected onio tltc XV plane. 
The time projection polarimetcr uses a simple strip readout to form pixclizcd images of photodcctron 
tracks. It Ibrms an image by digitizing the signal on each anode strip. Signals proponional to the charge 
deposited on each strip are shown on the left. The resulting image on right shows the interaction point, 
emission angle, and end of the track. Radi circle has a size proporliona] ro ihc deposited charge in each 
virtual pixd. In this example., the circles arc on a 130 micron spaeingn 


about the Z-axis would be desirable to allow the orthogonal distance scales to be 
more accurately normalized and systematic effects to be evaluated. 

The electron track images in a TPC are self-contained so that the emission angle 
can be reconstructed without a priori know ledge of the interaction point. Therefore, 
azimuthal symmetry around the line of sight is not required to avoid false modulation. 
This also allows the analysis parameters to be optimized after the fact, and provides 
for the rejection of background and charged particle events. 

The FWHM energy resolution of this type ofTPC detector is ^ 0.5E®’^ keV, 
where E is the X-ray photon energy in keV. This corresponds to ^2 keV at 20 keV 
and ^^3.5 keV at 50 keV, similar to that of solid-state detectors envisioned for 
Compton-scattcr polarimelcrs [35]. This high-resolulion spectroscopy is a significant 
advantage in handling narrow lines in the background spectrum and in measuring 
the often very steep thermal solar Hare spectra with an equivalent power* law spectral 
index / of > 7 and a potentially sharp break to the flatter nonthermal component at 
higher energies. 

Time-projection polarimctry is a technique (Fig. 2) that readily scales to the lai^c 
effective areas needed for solar imaging polarimetiy using modulation collimators. 
While lime-projection polarimcters in the 2-10 keV band are well established [7,22], 
they have not previously been applied to hard X-ray polarimctry. A TPC polarimeter 
with bi-grid modulation collimators for imaging would provide a powerful tool for 
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Fig. 3 Example tracks of photodcctrons from 6 koV X-rays, Note that the fainter end ofa track indicates 
the location of the photodoctric mtcraction while the brightest pixels reveal the end point of the eleetron 
path. 


solar flare investigations by combining large effective area, iow systernatic errors, low 
background, and good energy resolution. 

In our test chamber, images of the photo electron tracks from 6 keV X-rays are 
formed as an array of 24x24 pixels centered on the event barycenter. Typical ex- 
amples are shown in Fig. 3. Note that the angular information is least affected by 
scattering near the interaction point [4!]. The two-stage moments based algorithm 
used to estimate the emission angle from the image is described in [7], 

Histograms of the emission angles are then fit to the expected flinclional form: 
N{ft>) — A ^cos^{^ — (po)^ where ^ is the angle of the plane of polarisation. 
The sensitivity to polarization is defined by the modulation, where j.i = — 

^mm)/(^max + Mnin) = B/(2A -\-B) and SC ales from 0 to 1 . An example of the results 
from this analysis is shown in Fig, 4. 

2.2.1 Background Rejection 

For any solar polarization measurement, it is important to reject background events 
from all non- solar X-ray sources. During a large flare, Ihe solar X-ray 11 ux will far 
exceed the non-solar X-ray background but the charged particle fluxes may be an 
issue at balloon altitudes. 

Three techniques can be used to separate the photoelectron tracks of interest from 
the tracks of charged particles passing through the TPC. 

!. Charged particles will produce straight tracks with relatively imiform density, 

2. The readout strips closest to the edges of the ehamber (Fig. 2) will be used to 
define a thin (2 mm) anti coincidence wall on opposite sides of the TPC. Any 
track seen in either or both of these two walls will be rejected, 

3. Many charged particles will deposit a total energy in the TPC outside our range 
of interest between 20 and 50 keV and can be rejected on that basis. 

2.2.2 Ff^ious Work 

We have built a large-area prototype TPC polari meter and have tested it in a variety of 
gases and at different pressures. It consists ofa 10x10 cm" SciEnergy GEM (shown 
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Fig. 4 Reconstructed emission angles for polarized 6,4 keV X-rays (left) and unpolarized 5,9 keV X-mys 
(nght). The lines are fits to the expected functional form, A + 5cos^0, The modulation factor, ji, is a 
measure of the amplitude of the response. The polarized data show a clear response^ while the utipolarized 
data arc consistent with no detected signal below the 3% level. The gas used was 83,3% Nc + 83% CO 2 
■t 83% CS 2 at 0.63 atm. 


in Fig, 5, left) with a 6 cm drift distance. The GEM is constructed from two Cu 
electrodes separated by 100 (Jm of liquid crystal polymer (LCP) insulator with laser- 
drilled holes in a hexagonal pattern on a 140 pitch. The readout strips are formed 
from copper strips on FR4 printed circuit board with a pitch of 121 jum. However, 
FR4 outgasses and tends to absorb dimethyl ether (DME) and other gasses that might 
be used Thus, for a long duration mission with a sealed chamber, the strips can 
be changed to be similar to the GEMS X-ray polarimeter instrument (GEMS-XP[) 
design, where they are on a LCP board with a frame to hold them in place (shown in 
Fig. 5, right). 

The current prototype electronics were built ftoni commercial off-the-shelf com- 
ponents to read out a polarimeter that uses a negative-ion gas, e.g., an argon/carbon 
disulphide (Ar/CS 2 ) mixture. With such a gas, the photodectron tracks exhibit lower 
diffusion and the charge drifts more slowly than in a traditional electron gas, allowing 
the use of slower, and therefore lower power, electronics. However, detector simula- 
tions of the expected X-ray interaction rate from an X-class solar flare indicate that 
the slow drift velocity in a negative-ion gas results in track confusion at high rates 
when more than one track occupies a given imaging area during the same readout 
time. Similarly, high background rates can give rise to significant deadtime in a slow 
gas as the charge generated takes longer to fully collect in the GEM. These effects 
arc modest for X-rays Irom a flare or for background rates on a balloon flight over 
the United States (see Sec. 2,6.1). 
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F(g, 5 Left: a lOxH) cm^ SciEnergy GKM (with readout strips removed) and the drift cicetrode. Right: 
readout design for GEMS-XPl with nn LCP board that could be implemented in the current I Ox 10 cm* 
design to minim i:^c outgassing. 


2 J Flight Instrument Concept 

A diagram of the overall arrangement of a large orbital instrument is shown in Fig. 6. 
The TPC shown in this figure us 30 cm deep requiring three 10x10 cm^ GEM stacks. 
Stacking OEMs boosts the signal gain by multiplying the charge at each layer. Imag- 
ing information is provided by a bi-grid rotating modulation collimator (RMC) with 
a grid separation of 1 00 cm. The RMC rapidly modulates the incident X-ray flux to 
provide information on the spatial Fourier components of the source similar to the 
RHESSI imaging technique. This rapid modulation requires a fast, electron gas in the 
TPC. 

The concept for a bailoon-bomc po lari meter requires the following modifications 
of this basic design. The TPC shown in Fig. 7 is H) cm deep, requiring only a single 
GEM stack. To avoid having to rotate the instrument, this concept uses a fixed bi-grid 
collimator, stil! with a grid separation of 100 cm (sec Sec. 2.5 for more detail). Since 
this technique does not depend on a rapidly modulating signal, a slow, negative-ion 
gas can be used in the TPC. 

In designing a flight insirumenU the basic objective is to achieve a minimum 
detectable poiarization (MDP) of ^ 1 0% for a typical M 1 flare. The area of the largest 
readily-avaiiable GEM was assumed, and various fill gasses, drift distances, pitch of 
readout strips, etc., were considered. Optimum detector parametei^ were determined 
by first selecting a gas, then modeling the modulation a.s a function of X-ray energy, 
anode pitch, and drift distance. 

Choosing the best fill gas requires consideration of drift speed, diffusion, and 
mean atomic number. A gas with low drift velocity is desirable to achieve high photo- 
electron spatial resolution with relatively low-speed low-power electronics. A gas 
with low electron diffusion allows tracks to be resolved over a large drift distance 
thus enlarging the sensitive area. Increasing the mean atomic number (Z) of the gas 
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Fig, 6 Overview of a large imaging poJarimetet showing the TPC with a 1 OxlO cm^ aperture and 30 cm 
depth requiring three stacks of the largest OEMs now avatlahic. Imaging mfomrtation with 10 arcscc 
resolution would be provided by the bi-grid rotating modulation collimaior (R.MC) with the fmot and rear 
grids separated by 100 em- 



Fig* 7 Cutaway drawing of 
a single-module TPC using a 
Slack oHOx 1 0 enr OEMs (only 
one GEM shown) with readout 
strips parallel to the Z-axis, The 
drift electrode (on lop of the 
shaping electrodes) and the pres- 
sure chantber (enclosure) afc 
also shown. Solar X-rays inci- 
dent from the left near-parallel 
to the -Z direction pass through 
the window showTi behind the 
siiflcnrng supports built to with- 
stand the 3 atm difiTerential gas 
pressure. 


increases tKe slopping povver and therefore the quantum efficiency of a detector for 
a given size and gas pressure. But increasing Z also increases scattering and short- 
ens the usable track extent, making it harder to reconstruct the in itial direction of the 
photoelectron. Furthermore, the incident X-ray energy must be at least twice the K- 
sheli energy of the absorber in order to produce a large modulation. This constraint 
and increased scattering eliminates xenon-based gases for a 20-50 keV polarimcter, 
but argon and krypton meet the criteria. 

We initially modeled dciccEors filled with 70:30 Ar:DM R (an electron drift gas) 
for different gas pressures, drift distances, and readout pilches, and selected param- 
eters that maximized polarization sensitivity. The simulations show that the modula- 
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Fig, 8 Simulations at 30 keV 
showing that the modulation 
amplitude is approximately con- 
stant for a given readout pitoli 
for drift distances {interaction 
heights) of less than ■^200 mm. 


tion amplitude at 30 keV is largely independent of drift distances less than ^20 cm 
(Fig, 8). Based on this study, we selected a pressure of 3 atm, a maximum drift dis- 
tance of 10 cm, and a 150 jum pitch readout for the flight detector concept. This 
is within the capabilities of many printed circuit board manufacturers. Owing to its 
lower diffusion, we expect that a negative-ion drift gas would exhibit a flatter modu- 
lation response above ~10 cm^ where some drop-off is apparent with ArDME. 

A negative-ion drift gas would also allow the use of slow and therefore economi- 
cal low-power readout electronics. Additionally^ such slow gasses facilitate suppres- 
sion of electronics noise by allow'! ng additional filtering and sample -averaging. For 
the purpose of the sensitivity estimates reported in Sec. 2,6.1, we use the negative- 
ion drift gas 94:6 Ar:CS 2 since gain data near 1 atm in a GEM have been published 
for this particular mixture [36], Drift velocity and diffusion data have been published 
for other AnCSi mixtures [40] allowing the use of Blanc's law [8, Ch, 2] to infer 
the drift velocity for the 94:6 ratio. The drift velocity of ions is proportional to E/P 
{E = electric field; P = pressure) up to fields far beyond what we would consider. Ion 
diffusion is usually independent of P. Drift and diffusion of CS 2 ions have both been 
found to remain themial near I atm in helium [32]. 

Extrapolation of the 0,92 atm (700 TorT) AnCSi data in [36] to 3 atm indicates 
that a single GEM layer would not provide adequate gain for photoelectron tracking. 
The extrapolation involves using a simplified {1 -dimensional Gaussian) model of the 
field in a GEM hole and integrating the first Townsend coefficient, a, to determine 
the gain. The form a = pA^xp{-Bp/E) [60] is assumed with A and B fit from the 
700 Torr data. Based on field calculations and other data, we assume an electron 
transparency (the fraction of primary electrons entering the avalanche region) of 0.8. 
Published values for A and B are not available for AnCSi m ixtures but we verified 
the accuracy of the model with a common electron drift gas (Ar -Hl0% CH 4 at 600 
Torr). Generally, we find a net GEM gain of at least 2000 is needed to produce track 
images above the noise threshold. For an Ar:CS 2 mixture at 3 atm, a stack of three 
GEMs would most likely be needed to exceed a net gain of 2000, 
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Tflbte 1 Quantities mftuenemg phatodectron track quality. 

Gas 

Ne 8 J% Cp 2 + 8.3% CS: 

Ar+ 6%CSj 

Pressure 

0,63 atm 

3 ami 

Average drifl distance 

0.4 cm 

5 cm 

Pixel size 

132 am ! 

150 pm 

Drifi diffusion (pixels) 

0,24 

1.2 

Pbotodcctron energy 

5.5 keV 

20kcV 50keV 

PhotocJcctnDti eSDA^ range {pixels) 

13 

17 SI 

(pixels) 

0.22 

0.05S 0.13 

Elastic scattering angle^ 

5.5^ 

6,1® 2.2® 


^ CSDA Continuous Slowing Down Approximation for ionization energy lo^. 

* Ac pholodcciron daj^tic scattering mean free path [43] ► 

^ A small angle approximation is used here only for comparison purposes (sec text for discussion). 


Tti the design shown in Fig. 7, the aperture of the detector is 10x10 cm^. The depth 
is 1 0 cm, which results in an absorption probability of 25% at 20 keV, For a fixed 
GEM area, it is more advantageous to fiirther improve effective area by increasing the 
apertitre rather than increasing depth. It may be advantageous to increase the pressure, 
but we limited it to 3 atm because, at that level, we believe it poses a relatively simple 
engineering problem. 

Table I compares quantities influencing the quality of photoelectron tracking in 
two gas mixtures at 5.5 keV (where we have polarization measurements) and 20- 
50 keV (where wc do not yet have polarization measurements).^ The “clastic scat- 
icring angle’* is based on a least-squares fit of the central portion of the full cross- 
scctions from (43J to a Gaussian distribution. The best-fit single-scatter ‘^stgma” is 
multiplied by v/^, where N is the mean number of scatters occurring over the pixel 
size (at a fixed energy). This approximation neglects very large singic-scatters which 
arc likely to occur at some points along the track. 

Although the distance between elastic collisions is much shorter in gas at 3 atm, 
this is offset by higher energy electrons having a longer range and smaller single- 
scattering angles. Modulation data using the Ne:C02 :CS 2 gas is shown in Fig. 4, 


2.4 Detector Unit 

The detector shown in Fig. 7 would be operated as a sealed proportional counter 
inside a pressure chamber. This simplifies the conslruciion and operation of the 
detector. Prior to operation, the chamber can be evacuated w ith a turbomolccular 
pump but the sealed operation requires the use of low out-gassing materials and tech- 
niques similar to vacuum practices for the 10“^ Torr range in order For the gas diffu- 
sion and drift velocity to remain stable over days or weeks required for long-duration 
balloon flights. 

^ For neon, the K-cdgc is 0.87 kcV. Thus the photodcctron energy is rcduecxl from the 6.4 keV X*niy 
ciicrgy by this annouitt in the neon-based mixture. For the sake of simplidty, we neglect the K -edges of the 
other elements in this comparisorL 
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Scaled operations also require vacuum and pressure transducers^ high-voltage 
feedthroughs for biasing the drift electrode and GEM, and low- voltage feedthroughs 
for signals and ASIC power. A 125 aluminum window with a metal strongback 
allows most (>80%) incident X-ray photons above 1 5 keV to enter the active region 
between the drift electrode and the GEM stack. Inside the chamber, field-shaping 
electrodes surround the active region to eliminate false modulation arising from drift- 
field non-uniformity, creating an electric field that is uniform in magnitude to -^1% 
and in direction to a few degrees. To minimize out-gassing material, only the ASICs 
are mounted in the chamber. 

A stack of OEMs with 1 40 jUm pitch and 10x10 cm^ area from either SciEnergy 
or Tech- Etch can be used in the flight unit based on on-going evaluations. 

The readout strips can be fabricated on LCP similar to the 3x3 cm^ strips built 
for GRBP and the 2x5 cm^ strips for GEMS-XPl, Strips are typically placed I mm 
beneath the GEM stack. 

The detector module consists of 640 readout strips with a pitch of 1 50 jUm, The 
strips can be read out by 5 ASICs, with each strip individually instrumented similar 
to the GEMS-XPI design (see Fig. 5, right). 

The higher the drift field, the lower the diffusion and faster the ions. 10 kV is 
the highest drift voltage that is economical and easily insulated* This would provide 
a drift velocity of about 600 cm/s with Ar:CS 2 94:6 at 3 atm. For this drift velocity, 
strips would be readout at a rate of 40*3 kHz to make time bins equivalent to the 
chosen spatial pitch of 1 50 ^m. 

The Instrument Control Electronics (ICE) include a low- voltage power supply 
(LVPS), high-voltage power supply (HVPS), engineering data system (EDS), and 
command and data handling (C&DH)* The balloon payload could reuse the GRBP 
electronics design described below. 

The FPGA on the GRBP command and data handling (C&DH) board includes 
both the interface with the ICE, an instrument data processing function, and the bal- 
loon RS422 interface. 

Two controllable high-voltage supplies are used to bias the detector: a negative 
8 kV supply for the drift electrode to allow adjustment of the drift velocity and a 
negative 2 kV supply with a voltage-divider circuit to control the GEM electrodes 
relative to the strips. The negative 8 kV supply will also provide the voltages for 
the field cage around each detector. The C&DH board has a 17x17 cm- footprint 
The electronics enclosure that houses the four boards and constitutes the instrument 
electronics box* For a balloon-borne instrument, special care must be taken to avoid 
high-voltage breakdown at the partial pressures at balloon altitudes. Consequently, 
the IX PS electronics box would be enclosed in a pressurized chamber at 1 atm that 
is mounted directly to the TPC pressurized enclosure so that no HV lines will be 
exposed to the partial pressure. 

The overall parameters of the IXPS instrument are shown in Table 2* 
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Table 2 Eftimaicd instnimcnt p^iyload parameters. 

Mass 

20 kg 

Volume 

Active 

Detector and electronics 
Collimators 

10 gm X 10 cm x 10 cm = 1000 
30 cm X 50 cm X 25 cm 

1 0 cm X 1 0 cm front and rear separated by 1 00 cm. 

Power 

30 watts 

Data Rale 

2 Gbyies per X-cIass flan: 


2.5 Imaging Capability 

Imaging X“tay polarimctty with an angular resolution of better than 10 arcsec can 
delermine the polarization of different sources in a flare {e.g., the separate footpoints 
and loop tops). This capability can be achieved by measuring the spatial Fourier com- 
ponents of the X-ray Hare as is done with RHESSl. KHESSl measures hundreds of 
Fourier components by using a bi-grid modulation collimator placed above each of 
its nine germanium detectors and spinning the whole spacecraft about a Sun-pointed 
axis. The collimators have grids with different slit pitches, allowing a range of source 
sizes betw^een 2 and 1 80 arcseconds to be covered. No spatial information is required 
of the germanium detectors in this design. Although such a technique could be used 
for imaging X-ray pofarimctiy on a future space mission (assuming an electron gas 
and fast electronics), rotating a balloon-borne instrument about the direction to the 
Sun is not feasible and rotating individual bi-grid go Ur mate rs is not easy. Conse* 
quently, for initial balloon llights, a modified, non-rotating approach can be used 
that takes advantage of the one-dimensional spatial information in the TPC. This ap- 
proach uses stationary bi-grid collimators with grid pitches and orientations chosen 
to generate Moire fringes in the detector plane. Judicial choices for these parameters 
allow the Moir6 fringes to be oriented at any desired angle relative to the grid-slat 
direction (which is perpendicular to the direction of the sampled Fourier companent) 
(Fig. 9). The phase and amplitude of these Moire fringes arc related to the corre- 
sponding spatial Fourier components of the source region, but measuring them docs 
require a detector w^ith spatial information in one dimension. A TPC is suitable for 
this purpose. 

The statistics for a typical M-class flare detected with IX PS do not warrant the 
measurement of hundreds of Fourier components that RHESST is capable of doing. 
However, measuremcrit of just a few judiciously chosen Fourier components can pro- 
vide enough information lo separate the different flare sources, especially if contem- 
poraneous images of the flare are available in the same energy range from a different 
instmment such as RHESSl . Consequently, w^e envision measuring just four Fourier 
components covering several difTercnt orientations about the Earth-Sun line but with 
the same spatial period (--10 arcseconds), chosen to cover the expected source di- 
mensions and separations. 

The TPC can measure the amplitude and phase of a Moird fringe by determin- 
ing the position of the photoelectric interaction for each measured electron track in 
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Fig. 9 X-rays passing through 
a bi-grid collimalor produce a 
MoinS pattern at the deicctor. 
The gricmaiioti of the paitcm 
is controlled by two paramcicrs 
that affect fringing in orthogo- 
nal directions — the difference in 
the pitch of the two grids and 
the difreretjoe in the roll angle of 
the slits in the two grids. Judicial 
choice of tbwe two paramctcfs 
(hoe 8% pilch difference and 
5® roll angle difference) lesutts 
in Moire fringes at the desired 
angle relative to the mean grid- 
slit roll angle (here -^45'’). In 
principle, only one period of the 
Moire pattern is needed to de- 
termine the phase and amplitude 
required to chanieteri?:e a single 
spatial Fourier component of the 
source. 

the plane petpcndicular to the direction to the Sun (X-Y plane in Fig. 6 and 7). Tn 
the drift direction (X axis), the position of the photoelectric interaction cannot be de- 
termined accurately, although some information can be obtained from the increased 
track dispersion with drift distance. However, in the orthogonal direction (Y axis), 
the position of the photoelectric interaction is determined with sub-mm accuracy by 
identifying the strip at the start of the electron track. To measure a Fourier compo- 
nent in any direction, the relative pitch and orientation of the slits of the front and 
rear grids arc arranged to produce Moire fringes that are aligned perpendicular to this 
spatially sensitive direction — see Fig. 9. 

The detailed design of the collimator system can be based on an analysis of 
RHESSl images for typical M- and X-class flares to determine the optimum Fourier 
components to measure. Grids with a pitch of 100 fim (near that of the third finest 
RHESSl grids) separated by 1 m (cf 1,55 m for RHESSl) would give a FWHM an- 
gular resolution of -^10 arcsec. This would be adequate for generating the required 
Moire fringes and separating the different flare sources of interest for polarimetry. We 
envision four grid pairs, each one covering a separate 2.5 x 1 0 cm^ section of the TPC. 
The relative slit pitch and orientation of the two grids of each pair can be specified 
to generate just one period of the Moire fringe in that section as needed to determine 
uniquely the phase and amplitude of the corresponding spatial Fourier component of 
the X-ray source on the Sun. 



2.6 Sensitivity Estimation Techniques 

In this section, we outline the techniques used for the calculation of the polariza- 
tion sensitivity of the flight instrument. The analysis shows more than an ordcr-of- 
magnitude increase in sensitivity to flare polarization over existing instruments. 
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To estimate the detector sensitivity to polarization, we have written detector simu- 
lation and track-reconstruction code that predicts the sensitivities of various pofarime- 
tcr configurations, The software reproduces the measured modulation for 4,5 keV X* 
rays [6], and produces results in agreement with similar simulations [4]. The code 
simulates photoelectrons emitted with a sin^ 0cos^ probability distribution and an 
isotropically distributed Auger electron. For each photoelectric interaction, the two 
electrons propagate through the detector gas according to a single scattering model 
developed for electron microscopy [24]. Ionization electrons produced along the track 
are propagated with diffusion through the drift region to the GEM. Each ionization 
electron produces an avalanche with proportional counter statistics* The avalanche 
electrons are each assigned to a virtual detector pixel. The photoelectron track recon- 
struction algorithm follows the prescription described in [7]* The simulation predicts 
a modulation factor of >50% across the 10 cm drift region (Fig. 8). 

Because the measured modulation is a positive-definite quantity, even an unpolar- 
ized source can give an apparent positive polarization. The sensitivity of a polarimetcr 
is therefore expressed as the mirtimiim detectable poiarizaJion (MDP), a polarization 
result that is statistically unlikely to arise from an unpolarized source. The MDP is a 
function of mstrumcnial properties, the source strength, 5, and the observing time, f. 
At the 99% confidence level, 

4.29 /'eSA-^B\'^^ 

MDP=——{ (I) 

EpSA \ i J 

where £ = quantum efficiency, p = modulation factor, A = collecting area, and B = 
background rate [56]. 

In the strong source approximation valid for bright solar flares detected by IXPS, 
B, the MDP scales with instrument parameters as 1 /// \/i^. The quantity fi \/eA 
may be used as an instrum ciiial Ogure-of-merit dependent on detector dimensions, 
gas, pressure, etc. 

To calculate MDP for an instrument, the modulation factor }jl{E) is weighted by 
the number of events per unit energy as determined from the source spectrum, the 
detector quantum efficiency, and the collimator transmission. Finally, the broadband 
modulation factor (p) and the expected number of source counts are used to calculate 
the MDP. 

2.6.1 Sensitivity' Estimale 

To characterize the instniment sensitivity, we use the spectra measured with RHESSI 
for an M 1 .2 flare that occuiTcd on 2002 April 1 5 [49] and an X4.8 Hare that occurred 
on 2002 July 23 [31 1. We use a 200 s integration lime when the Hare was brightest 
in each case* A longer integration time would be possible for longer duration flares 
resulting in commons urate ly better (i.e., lower) MDP values. 

The flux for the ML2 flare was '^(£’/(28.4keV)) '^’^ photons s“' cm^^keV" ■ 
with photon energy B in keV* For the X4.8 flare, the flux was ^(£‘/(66.2keV))^^ '^ 
for E < 20keV and **^{£/(13.3keV))”^^^ for E > 20keV. These formulae are only 
provided for reference* The actual MDP calculation used log-log interpolation of 
tabulated data. 
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To avoid modeling a flare* the flux is summed over all regions ofa flare. This leads 
to a lower MDP estimate than actually would be found from imaging a particular 
region of a flare. Despite this* the likelihood of observing a significant polarization 
through imaging would be enhanced since the polarization percentage would not be 
diluted by regions with relatively unpoiarized emission. For example, if most of the 
source strength were unpolarized and background small* the MDP estimate without 
imaging would scale as (Eq* I) but the measured polarization percentage 

would degrade as S“*. When imaging a particular region^ S would be smaller but 
the measured polarization percentage would be mostly independent of S (assuming 
sufficient angular resolution). 

The effects of an X-ray bi-grid modulation collimator with an average transmis- 
sion of 25% (equal slat and slit widths) and a window equivalent to 125 of 
aluminum plus a strongback with 10% obscuration is included in the calculation. 
The assumed atmospheric path length at the balloon altitude was taken as 5 g cm‘^ 
from Palestine, Texas, and 10 g cm in Antarctica with the Sun’s elevation angle 
of 45^ and 30*, respectively. The MDP values obtained in this way are summarized 
in Table 3. They show that with a single 10x10x10 cm^ TPC the mstrument has 
high polarization sensitivity to the X-class flare from both Palestine and Antarctica, 
whereas any polarization of an Ml flare could only be determined from Palestine 
with an MDP of 13%, We expect that polarization of an M5 flare would be detectable 
at the ^15% level from Antarctica if it lasted for >10 min* If the X-ray flare rate 
matches the average of the previous three cycles, then we can expect to see at least 
one such flare or larger during a > 10-day Antarctic balloon flight Likew'ise* for a 
6-hour balloon flight we can expect to see a flare of class at least Ml '^20% of the 
time. 

The detector deadtime in recording an event is the digitizer readout time of 
^100 fis. An XI flare will produce about 10'^ events per second in each detectorj 
so readout deadtime will be ^50%. However, it will be precisely measured allowing 
an accurate determination of the flux of incident photons from the rate of events that 
arc actually recorded. Track confusion caused by photoelec Irons produced through^ 
out the volume should not be significant at this rate. It is only a problem if two tracks 
occupy the same imaging area during the readout time* Since a typical track will be 
''-I cm long, the relevant area is only cm^ as compared to the 100 cm^ total area. 
Thus, the rate of tracks that will be confused in the readout will be down by this ra- 
tio of 100, However, tracks from proton background can be much longer, preventing 
collection of simultaneous X-rays while charge from these events is collected in the 
GEM. 

To estimate the deadtime from charged particles, we assume that the maximum 
dcadiime per track is 1 7 ms — the lime for charge to drift from I he drift electrode to 
the GEM* Based on the cosmic-ray background simulator results presented by [37], 
we estimate a count rate of ^60 s“ ^ passing through the detector in Palestine and 
^200 s"Mn Antarctica. The dcadtime from particles is small in Palestine but not for 
M -cl ass flares in Antarctica where the X-ray rate is low and the particle rate is high. 
(For a mission to Antarctica, use of an electron gas such as an Argon-DME mixture 
with fast read-out electronics may he justified despite the additional cost and power 
consumption.) For the MDP calculations, we assumed that all of these particle events 
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Tabk 3 Estjmatcd MDP values at energies above ^^20 keV for 200 s at Ibe peak of two Rares witii 
difiTcrent GOES class for tlic proposed smgle TPC polarimcter cm balloon flights from Palestine (Texas) 
and Antarctica^ and for a possible future instrument in space with 12 times the sensitive volume using 
4 TPCs each with 3 x the volume To avoid modeling a flare, the flux is summed over all regions of a 
Rare. This gives a more oplimisiic MDP estimate than would actually be obuiincd with grids. Grid^based 
imaging would provide separate MDPs for differem regions of the flare. Although each each region would 
have a higher MDP, grid-based imagirig would enhance the likelihood of observing higher polaiizaiion 
regions of the Rare since lire polarizaiion percentage would be less diluted by low polarization regions. 



Palestine. IX 

Antarctica 

Space 

Moan solar elcv. artgk 

45“ 

30“ 

* 

Atmos, path length 

Sgem"^ 

lOgem ^ 

• 

TPC vfjlumc 

10^ 

10^ cm^ 

12 X 10^ cm^ 

Grids 

Ko Yes 

No Yes 

Y<3f 

GOES ML2 flare 

13% 23% 

- 

' 2% 

GOES X4.S flare 

3% 4% 

6% M% 

2% 


can be identified and rejected using the various techniques discussed in Section 2.2.1, 
and will not degrade the analysis of photoelectron events. 

For larger flares giving an even higher rale, some track confusion and uncertainty 
in the deposited energy estimates can be expected. In that case, a movable shutter 
system can be devised to restrict the aperture to a narrow (--I cm wide) strip across 
the detector perpendicular to the strips. This would reduce the counting rate by a 
factor of 1 0 while still allowing the amplitude and phases of the Moire fringes to 
be accurately measured. This shutter system would restrict the sensitive area at all 
energies equally. Such a shutter system will be necessary on a satellite instrument 
but is probably not justified on a long-duration balloon flight since the probability of 
seeing such large fiarcs that only occur a few times per solar cycle is so low, 

2.6J Testwg and Cal ihration 

TPC systematics must be determined with sufficient accuracy to allow an MDP of 2% 
or less for a sufficiently large flare. We estimate modulations of approximately 50%, 
so this requirement translates to understanding the response to unmodulated X-rays 
to 1 % at the 99% level of confidence. 

Initial testing can be performed in an established configuration used for testing 2- 
10 keV polarimeters, The polanmetercan be tested with a NC/CO 2 /CS 2 mixture at a 
pressure of '^1 atm and with an existing 100% polarized 6.4 and 6 keV X-ray source. 
For tests at these lower energies, a beryllium window is used rather than aluminum. 

The modulation must be measured as a function of energy, drift distance, and 
pressure in the expected operating range. Measuring the response to X-rays from 
radioisotope decay is the best end-to-end calibmtion in the laboratoiy. The unmodu- 
lated response can be measured with unpolarized 60 keV X-rays from a 1 mCi Am 
source. This is bright enough lo allow a search for calibration variations on time- 
scales from minutes to days. Lower energy X-ray sources such as (22 keV) 
can be used to span the relevant energy range of 20-50 keV.^ The ^^^Am results can 


^ OJ mCt at 22 keV {ibould have compamblc detection rate to i mCi at 60 kcV. 
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be compared to techjiiqucs that directly measure the driH velocity with a UV laser 
calibration system [ 1 ] . 

Polarized X-rays from 20“50 keY can be obtained from a variety of terrestrial 
sources: from a synchrotron such as the NSLS at Brookhaven National Laboratory, 
from Compton scattering of unpolarized X-rays at 90^ of incidence [42], or from 
Bragg scattering (rcficciion) of unpolanzed X-rays through 90'^ off synthetic dia- 
mond [45]. 

2.6. J Crab Semi/ivi/y 

We estimate a count rale of 0.8 counts s“^ from the Crab nebula plus pulsar for the 
1 0x10x1 Ocm^ d elector shown in Fig. 7 filled with 3 atm of Ar:CS 2 94:6 and with no 
modulation collimator Wc assume an atmospheric overburden of 5 g cm““, a Crab 
spectrum of LOE"^ ' photons s“^ keV"^ [59], and integrate Che resulting count 
rate from 1 5-50 ke V. Under the assumption that the source rate is large compared 
to the background, and that the modulation factor (ft) is 0.5 across th e energy band, 
a polarization could be detected with 99% confidence at > 19% x y^r/4 hrs where 
r is the net on- source observing time. The Crab nebula is known to be polarized 
at the level of 1 9% at 5.2 keV [58] and appears to increase to over 40% at higher 
energies [13]. Thus, such an instrument would be able to provide a useful measure of 
the Crab polarization. 

Note that the background of relevance in the calculation of the MDP is the rate of 
tracks that appear to be phoEoelectrons. It does not include events that can be elimi- 
nated as being from other origins as discussed above. Even if this residual backgraund 
rate is equal to the source rate, polarization from the Crab nebula could still be de- 
tected in a 4 -hour or greater exposure. The pulsar may dilute the total polarization 
signal, but as the pulsar contributes a modest fraction of the overall counts (--1 5% in 
our energy band), the conclusion remains that the proposed instrument could measure 
the polarization in a band with peak sensitivity between 20 and 30 keV. 
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